Abstract Ammonia-producing bacteria were isolated and identified from five commercial fermented skates (A1, A2, A3, A4, and A5). In addition, the pH, ammonia nitrogen, total volatile nitrogen (TVBN), trimethylamine nitrogen (TMAN), and amino nitrogen contents of skate samples were also determined. A total of 88 strains of ammoniaproducing bacteria was isolated and seven hyper-ammoniaproducing bacteria isolates (A2-2, A2-3, A2-12, A2-18, A2-20, A3-6 and A3-14) were selected based on ammonia nitrogen producing ability. Those isolates were identified as Proteus hauseri (three strains), Providencia rustigianii (three strains), and Kurthia gibsonii. The pH and ammonia nitrogen content in skate samples were ranged from 8.63 to 9.03, and 4.86 to 7.31 g/kg, respectively. No significant difference of pH values was observed in skate samples A2, A3, A4 and A5. While, skate samples A3, A4 and A5 showed similar level of TVBN and TMAN content. Skate sample A2 showed the highest amino nitrogen content among all samples, which indicated the highest degree of protein degradation of skate muscle during fermentation. Bivariate cluster analysis showed that skate samples A3, A4, and A5 clustered together at a relatively high level, implying a similar microbial environment during fermentation. The cluster analysis allowed different commercial fermented skates to be clearly differentiated based on the characteristics determined in this study. This study can provide important information for investigating the mechanisms underlying ammonia flavor formation in skate muscle during fermentation.
Introduction
Skate (Raja kenojei) is a typical elasmobranch fish that is widely consumed in China, Korea, and Japan (Lee et al. 2016) . Skate is traditionally fermented in a ceramic jar without any additive for 1 week at room temperature (25°C) (Mizuta et al. 2003; Jang et al. 2017) . Fermented skate is popular in South Korea, especially in the Jeollanam-do Province, due to its elastic texture, ammonia-like flavor, and other functional benefits (Hwang et al. 2007) . It has been reported that high concentrations of nitrogenous compounds are produced in skate muscle during fermentation, giving skate products a unique ammonia-like flavor (Choi et al. 2005; Kim et al. 2010) . Based on previous studies, the formation of ammonia flavor may be related to the degradation of urea and trimethylamine oxide (TMAO) into volatile bases, such as ammonia, mediated by microorganisms (Laxson et al. 2011; Weiner et al. 2014) . Production of these chemicals is the result of microbial activity, although little was known about the types of microorganisms responsible for their production in fermented skate until recently.
Previous studies on bacterial communities in fermented skate show that most of the bacteria present in fermented skate are strains closely related to the genera Pseudomonas, Stenotrophomonas, and Psychrobacter (Cho et al. 2004;  Electronic supplementary material The online version of this article (https://doi.org/10.1007/s13197-018-3447-9) contains supplementary material, which is available to authorized users. Lee et al. 2010 ). In the study on bacterial succession during the fermentation process of skate, Gammaproteobacteria comprised the majority (91%), and Firmicutes constituted the minority (Reynisson et al. 2012) . Interestingly, Jang et al. (2017) reported that marine bacteria belonging to the taxa Lactobacillales and Clostridia are more important in the alkaline fermentation of skates. However, we believe that their bacteria community analysis merely provided basic information on the development of the microbiota and the population dynamics during skate fermentation. It is difficult to identify and isolate the exact microorganisms responsible for ammonia production with non-selective culture procedures.
Previous studies on the ruminal ecosystem have indicated the existence of bacteria capable of producing large amounts of ammonia, called hyper-ammonia-producing (HAP) bacteria (Attwood et al. 1998; Chen and Russell 1989) . These bacteria were present in low concentrations in the rumen but their ammonia-producing activities were sufficient for them to be quantitatively important. Therefore, enrichment and selective techniques should be employed to isolate ammonia-producing bacteria from fermented skates. The objectives of this study were to isolate and identify the HAP bacteria from 5 different commercial fermented skates using enrichment and selective techniques. This is the first-time ammonia-producing bacteria were isolated from fermented skates, providing important information to further elucidate the mechanism underlying ammonia formation in fermented skate, as well as for developing starter cultures with known characteristics for use in the commercial production of fermented skate with stable and consistent quality.
Materials and methods

Samples
Fermented skates (Raja kenojei) were purchased from five different fish processing plants in South Korea. The detailed information on the fermented skate samples used in this study are shown in Table 1S (Supplementary materials). All skate samples were placed in sterile zipper bags and transferred to the laboratory on the day of purchase. The samples were stored at 4°C until they were used for physicochemical and microbiological analyses.
Enrichment and isolation of ammonia-producing bacteria
Ten grams of each collected fermented skate were transferred aseptically into sterile selection/enrichment (SE) liquid medium (per liter): 1.0 g of uric acid, 2.5 g of yeast extract, 1.0 g of glucose, 100 mg of KH 2 PO 4 , 10 mg of CaCl 2 , 30 mg of MgSO 4 Á7H 2 O, 10 mg of NaCl, and 1 mg of FeCl 3 Á6H 2 O (Schefferle 1965) . The cultures were incubated at 30°C with shaking at 160 rpm for 24 h to measure the total ammonia-producing bacteria that grow under aerobic conditions. The distinct colonies were streaked onto SE plates and incubated at 30°C for 24 h to obtain pure isolates.
Analyses of bacterial growth and ammonia production
All bacterial isolates were measured by determining the optical density at 660 nm. To measure the ammonia production of the isolates, aliquots of cultures were subjected to centrifugation (14,5009g, 5 min). The concentration of ammonia nitrogen in the supernatant was determined through Nessler's reagent spectrophotometer method (Chen et al. 2015) .
DNA extraction
Bacterial isolates that produced high levels of ammonia were selected. Aliquots of overnight cultures were centrifuged (14,5009g, 5 min) and the bacterial cell pellet was used for DNA extraction. A FastDNA Spin Kit (MPbio, LLC., Santa Ana, CA, USA) was used according to the manufacturer's instructions combined with the bead-heating method. The extracted DNA was stored at -20°C until use.
16S rRNA gene sequencing analyses
The genomic DNA of each bacterial isolate was used as template for PCR amplification of a segment of the 16S rRNA gene using the universal primers 27F (5 0 -AGAGTTTGATCCTGGCTCAG-3 0 ) and 1942R (5 0 -GGTTACCTTGTTACGACTT-3 0 ). Amplification was performed in a thermal cycler (TP600, TaKaRa Bio Inc, Shiga, Japan) under the conditions described by Liu et al. (2012) : initial denaturation at 94°C for 1 min; 30 cycles of denaturation at 94°C for 30 s, primer annealing at 55°C for 30 s, and extension at 72°C for 1 min; and final extension at 72°C for 10 min. The PCR products were confirmed by electrophoresis on 1% agarose gels loaded with 1 mL of sample and purified using a QIAquick PCR Purification Kit (QIAGEN, Hilden, Germany). Sequencing analysis of purified products was performed by ChunLab, Inc. (Seoul, South Korea).
Data analysis and species identification
The raw sequencing reads obtained from pyrosequencing were screened for chimeras using BLAST on the NCBI website (http://www.ncbi.nlm.nih.govl). Taxonomic assignment was performed by comparing the sequence reads against the EzTaxon database (http://eztaxon-e. ezbiocloud.net). The alignments were analyzed to construct a phylogenetic tree and to compare similarities among the sequences by the neighbor-joining method (Saitou and Nei 1987) using MEGA software version 4.0.
pH and ammonia nitrogen content
The pH of skate muscle was determined using a pH meter (EF-7732, Istek, Seoul, Korea) according to the method of Xu et al. (2010) . Ammonia nitrogen content was determined by the distillation method described by Dissaraphong et al. (2006) with a slight modification. Skate muscle (4 g) was homogenized with 100 mL of distilled water and placed in a 400-mL Kjeldahl flask with 3 g MgO. The mixture was distilled and collected in 50 mL of 4% boric acid consisting of the mixed indicator (methyl red: bromocresol green: methylene blue). Finally, the distillate was titrated with 0.05 M H 2 SO 4 until endpoint. The ammonia nitrogen content was calculated according to following equation:
where M: the concentration of H 2 SO 4 (M); V: the volume of H 2 SO 4 (mL); W: the weight of sample (g).
Total volatile base nitrogen (TVBN) and trimethylamine nitrogen (TMAN) content
TVBN and TMAN contents of skate muscle were measured based on the method described by Ng (1987) . Samples of skate muscle (2 g) were homogenized with 8 mL of 4% trichloroacetic acid (TCA). After centrifugation, 1 mL of the supernatant and 1% boric acid contained Conway indicator were placed in the outer and inner ring of the Conway apparatus, respectively. To initiate the reaction, 1 mL of saturated K 2 CO 3 solution was added to the outer ring. The Conway apparatus was closed immediately and incubated at 37°C for 1 h. TMAN was measured in the same manner, except 1 mL of 10% formaldehyde was added to the sample extract. The inner ring solution was titrated with 0.02 N HCl until the endpoint, in which the solution color turned from green to pink.
Amino nitrogen content
The formal titration method was used to determine the amino nitrogen content of skate muscle. Five grams of skate muscle was added to 95 mL of distilled water and was homogenized at 11,270 9 g for 1 min. After centrifugation (1700 9 g, 5 min), the supernatant was adjusted to pH 8.4 with 0.1 N NaOH. Subsequently, 10 mL of distilled water and neutral formal were added to the supernatant, and was then titrated with 0.1 N NaOH to reach to pH 8.4. The amino type nitrogen content was calculated according to the following equation:
where F: factor of 0.1 N NaOH; D: dilution factor; S: sample amount (g).
Results and discussion Enrichment and isolation of ammonia producing bacteria
Each fermented skate sample was serially diluted, as described in the Materials and Methods, and either plated directly onto SE agar plates. A variety of colony types was noted upon direct isolation plating and upon streaking of enriched cultures; different colony types were picked for further study. In total, 88 bacterial strains were isolated and grown on SE medium.
Growth rate and ammonia producing ability of isolated strains
Previous studies have not made connections between bacterial populations and ammonia production. However, the dominant bacteria in fermented samples may produce small amounts of ammonia (Whitehead and Cotta 2004) . We thus analyzed the growth and ammonia production of particular bacterial strains we isolated and selected on SE medium. Our results showed that strains A1-1, A1-13, A1-16, A3-2, A3-16, A4-1, A4-4, A4-9, A4-10, and A4-14 showed high growth rate (OD660 [ 0.8) but low ammonia production. On the other hand, high ammonia production was observed in strains A2-2, A2-3, A2-12, A2-18, A2-20, A3-6, and A3-14; however, these strains were present in low concentrations (Table 1) . Similar results have also been reported in a previous study where in ammonia-producing bacteria were isolated from New Zealand ruminants (Attwood et al. 1998) . They examined the ammonia production of the isolates grown in HAP liquid medium in their study. Though some isolates grew quickly, they produced relatively small amounts of ammonia, which was mainly produced during stationary phase of growth (Attwood et al. 1998). The results of this study confirmed the presence of an ammonia-producing metabolic group of bacteria. Despite their low abundance, the activity of such bacteria contributes significantly to the production of ammonia in skates during fermentation. These results prompted us to determine whether protein-and/or amino acid-fermenting bacteria are present in fermented skates at lower concentrations than those determined through previous isolation studies. There are a number of reports describing bacteria capable of producing large amounts of ammonia and present in low concentrations when isolated from the rumens of cattle around the world (Attwood et al. 1998; Eschenlauer et al. 2002) .
Phylogenetic analysis of hyper-ammonia producing bacteria strain
The HAP bacteria isolated from commercial fermented skates were selected based on ammonia production, and these included the isolates A2-2, A2-3, A2-12, A2-18, A2-20, A3-6, and A3-14. The 16S rRNA genes of these isolates were subjected to sequencing and phylogenetic analysis (Fig. 1) . Sequences similarity searches indicated that these HAP bacteria isolated from fermented skates were phylogenetically distinct from other HAP bacteria reported in previous researches (Chen et al. 2013; Ferme et al. 2004) . Strains A2-2, A2-12, and A3-14 were identified to be Proteus hauseri; strain A2-3 was identified to be Kurthia gibsonii; and strains A2-18, A2-20, and A3-6 were identified to be Providencia rustigianii (Fig. 1) . It has been reported that ammonia in the large gut is thought to be derived either from the hydrolysis of urea by bacterial, and possibly mucosal, ureases, or from the deamination of proteins and other nitrogenous substrates (Wolpert et al. 1970) . Proteus spp., for example, produce ureases during skate fermentation, which breaks down urea in the urine and releases ammonia. O'Grady (1966) showed that the most active producers of ammonia among the intestinal organisms are gram-negative aerobic bacilli such as Escherichia coli, Klebsiella spp., Proteus spp., and Pseudomonas spp. Similar results have also been reported by Terence et al. (2011) , such that most of the HAP bacteria isolated from swine manure storage pits were found to be most closely related to Proteus spp, as well as to the genus Providencia, which belongs to the tribe Proteeae under the family Enterobacteriaceae. A characteristic feature that distinguishes tribe Proteeae from other members of Enterobacteriaceae is the presence of the enzyme phenylalanine-deaminase, which converts phenylalanine to phenylpyruvic acid (PPA reaction) (Mohammed et al. 2016) . The strains of the genus Providencia are non-lactose-fermenting, methyl red-and PPA-positive bacilli that are motile due to their peritrichous flagella. They also produce a powerful urease enzyme that rapidly hydrolyses urea to ammonia (El Khatib et al. 2017) . Kurthia spp. is a gram-positive genus of bacteria from the Planococcaceae family, which are commonly found in various meats, milk, and soils. It has been reported that this genus of bacteria produces 1-amino-cyclopropane-1-carboxylic acid (ACC) deaminase to hydrolyze ACC (ethylene precursor) into ammonia and a-ketobutyrate to use as their sources of carbon and nitrogen (Glick et al. 1995) . Interestingly, in the study of Sahadevan et al. (2016) , it was also revealed that they could also produce other mycolytic enzymes such as protease, cellulase, and chitinase. The presence of HAP bacteria and other similar strains in fermented skates may prove to be an important factor in the digestion and fermentation of proteinaceous materials, especially in the production of ammonia and other compounds.
pH and ammonia nitrogen content Figure 2 shows the pH and ammonia nitrogen content of commercial fermented skates. The lowest pH value was observed in fermented skate sample A1, whereas the pH values of the four other skate samples were not significantly different from each other. The observed pH was perhaps related to the accumulation of ammonia compounds, amines, and other basic substances produced from the degradation of proteins (Duan et al. 2010) . A shorter fermentation time and/or lower enzyme activity may have caused the lower pH observed in the skate sample A1. The ammonia nitrogen content in the skate samples ranged from 4.86 g/kg (A1) to 7.31 g/kg (A4). As shown in Fig. 2 , the lowest ammonia nitrogen content was observed in the skate sample A1, whereas the skate samples A4 and A5 exhibited significantly higher values (7.31 and 7.25 g/kg, respectively). The high ammonia nitrogen content can be explained by the higher concentration of nitrogen compounds such as trimethylamine oxide (TMAO) and urea produced due to the activity of microbial and endogenous enzymes (Xu et al. 2008) . Furthermore, a relatively high concentration of urea and TMAO in skate muscle tissue for counterbalancing osmotic pressure in the deep sea-also responsible for this unique ammonia formation (Laxson et al. 2011) . Consequently, in our study, the higher ammonia nitrogen content reflected the high pH observed, as well as the degradation of small peptides and amino acids due to enzymatic activity.
TVBN and TMAN content
The TVBN and TMAN contents were considered as the yields of nitrogenous materials produced due to microbial and endogenous enzymes. Both values are the most widely used quality indices in different fresh and fermented fish products (Kilincceker et al. 2009 ). The TVBN and TMAN contents of the skate samples are shown in Fig. 3 . Similar results were found for TVBN content as the ammonia nitrogen content that was measured in skate samples. The skate sample A1 showed the lowest TVBN content, while no significant differences were found between skate samples A4 and A5. In general, TVBN includes the nitrogen from ammonia, trimethylamine (TMA), and amine from the degradation of proteins and non-protein nitrogen compounds. Interestingly, skate sample A2 showed the highest TMAN content among the skate samples. TMA was produced from the decomposition of TMAO by bacteria, and is considered one of the primary ingredients responsible for spoilage of fish and the typical fishy odor (Kostaki et al. 2009 ). In the present study, the high TMAN content in skate sample A2 may be attributed to Kurthia spp., which was only found in that particular sample. However, the mechanism underlying TMAN production by Kurthia spp. remains unclear. The TVBN and TMAN contents of fermented skates in the present study were consistent with those in the study by Lee et al. (2008) , wherein the TVBN content of ready-to-eat skate products purchased from different markets of different locations was evaluated; they observed that the TVBN content of fermented skates was higher than that of other fermented fish products, such as sardines, tuna viscera, and Yu-lu. The high TVBN and TMAN contents in fermented skates may be directly attributed to the urea content present in the raw material and to the ammonia nitrogen produced during skate fermentation.
Amino nitrogen content
Measured amino nitrogen content consists of low molecular weight peptides and amino acids and is usually used as an indicator for degree of fermentation (Dissaraphong et al. 2006) . Figure 4 shows the amino nitrogen contents in different skate samples. It was observed that skate sample A2 showed the highest amino nitrogen content, followed by skate samples A3 and A5. The high amino nitrogen content can be attributed to autolysis and microbial degradation of (Ijong and Ohta 1996) . Furthermore, the peptides and amino acids produced due to proteolytic activities are said to be responsible for the flavor and aroma of the fish products (Zhao et al. 2016) . In line with this, perhaps the highest degree of protein degradation may have occurred in skate sample A2, as it had the highest TVBN and TMAN contents.
Bivariate cluster analysis
Bivariate cluster analysis can provide an effective graphical means of discriminating different source types and characteristics (Carslaw and Beevers 2013) . In general, this form of cluster analysis is very efficient, though it tends to create small clusters. Thus, it was performed to further classify elements of different sources based on the similarities of their chemical properties. Figure 5 displays three clusters: (1) A1; (2) A2; and (3) A3, A4, and A5. Two components explain 95.79% of the point variability. Additionally, A3, A4, and A5 were observed to have joined together at a relatively high level, implying similar fermentation conditions and/or bacterial community structures. The groups A1 and A2 were markedly different from the other elements in terms of their Euclidian distances in the cluster analysis. The cluster analysis allowed different commercial fermented skates to be clearly differentiated based on the characteristics determined in this study.
Conclusion
In the present study, enrichment and selective techniques were employed to isolate ammonia-producing bacteria from fermented skates. Seven isolates were selected based on their ammonia production and were identified to be Proteus hauseri (three strains), Providencia rustigianii (three strains), and Kurthia gibsonii (one strain). Although these species of bacteria were present in low concentrations, their ammonia-producing activities were sufficient to be quantitatively important. Further research is necessary to reveal the key enzymes associated with ammonia production and the underlying mechanisms during skate fermentation. 
